Introduction
Across a broad range of animals, the Toll signaling pathway mediates recognition of invading microorganisms and initiates defensive responses [1] [2] [3] [4] [5] . Receptor recognition of pathogen-associated molecular patterns initiates a signal transduction cascade that activates transcription factors responsible for innate immune effector expression. Pathway structure has been largely conserved from insects to humans, although there are notable variations, with some components being found only in certain lineages and others differing in number and structure. To understand how such a signal transduction system evolves requires distinguishing changes that affect function significantly from those that are neutral mutational events.
Drosophila melanogaster provides the opportunity to investigate modification of Toll signaling in response to the selective pressures imposed by multiple biological contexts. In addition to its ancestral role in innate immune signaling, the Toll pathway in flies functions in several developmental contexts [6] [7] [8] [9] . Of these, the best characterized is the maternal specification of the embryonic dorsoventral axis [10] . In embryos, Toll signaling occurs in a spatially graded manner across a syncytium of 1 10 3 nuclei undergoing rapid division. This environment for Toll signaling is thus quite distinct from that in cells mediating immune responses to infection. A dissection of Toll signaling from both a genomic and functional perspective therefore has the potential to reveal how pathway organization and structure have evolved so as to fulfill specialized developmental as well as immune functions [11] .
The effectors for Toll signaling are members of the NF-B family of transcription factors. In vertebrates, these include p50 and p65, which heterodimerize to form NF-B [12] . In flies, Toll activates the NF-B family members Dorsal and Dif. In the absence of a stimulus, NF-B proteins are held in the cytoplasm by an inhibitor: I B in vertebrates and its counterpart, Cactus, in flies. Toll pathway activity triggers inhibitor degradation, releasing NF-B factors for nuclear translocation and binding to cis -regulatory sites in DNA.
M ost of the proteins that link Toll to NF-B proteins in Drosophila immunity and development have known counterparts in mammalian immunity. In response to ligand-mediated activation, fruit fly Toll and many mammalian TLR proteins recruit the adaptor protein MyD88 [13, 14] . Binding to MyD88 occurs through an interaction mediated by the TIR domains present in the receptor and in MyD88. Similarly, MyD88 associates with protein kinases via a shared interaction motif, the death domain [15, 16] . In humans, recruitment of two protein kinases -IRAK-1 and IRAK-4 -promotes sig naling; two additional kinases -IRAK-2 and IRAK-M (IRAK-3) -are thought to dampen or inhibit signaling [17, 18] . Drosophila has a single related kinase, Pelle, that is required for Toll signaling [19] . Although downstream events differ between flies and humans, signaling in both organisms relies on inhibitor phosphorylation and proteolysis [20] .
Toll function in flies relies on Tube, a factor that has no identified counterpart in vertebrate genomes [21] [22] [23] . Tube has an amino-terminal death domain and a carboxyl-terminal region containing five copies of the Tube repeat, an 8-amino-acid motif [24] . Each half of Tube participates in one or more protein-protein interactions. The Tube death domain acts as a bridge between the death domains of MyD88 and Pelle [25, 26] . The repeatcontaining domain mediates the stable association of Dorsal and Tube in embryos [27, 28] .
Here we show that Drosophila Tube is derived from an ancestral gene that contained both a death domain and a kinase domain. We demonstrate that chimeras of Tube and Pelle are functional and can be used to delineate domain function in vivo. We also establish that the closely related transcription factors Dorsal and Dif differ in their ability to interact with a repeat-containing domain of Tube. Combining comparative genomics with functional assays, these studies provide a unique perspective on signal transduction pathway evolution and specialization.
Materials and Methods

Reagents
The Anopheles gambiae cDNA library was a gift from Carolina Barillas-Mury. The Apis mellifera RACE cDNA library was a gift from Michael Levine and was generated in his laboratory with the Clontech Marathon cDNA kit. S2 cell expression plasmids are all based on the vectors of the Drosophila expression system (Invitrogen). Tube, Pelle, Tube-Pelle chimeras, and Relish mutants were generated by PCR sewing [29] . Anti-V5 and anti-myc (9E10) antibodies were purchased from Invitrogen and Santa Cruz Biotechnology, respectively. Anti-Tube antiserum was described previously [24] .
Gene Predictions and Computer Algorithms D. melanogaster
Tube and Pelle protein sequences were used to identify orthologs of these genes in the other insects investigated using the tBLASTN program (http://www.ncbi.nlm.nih. gov/BLAST/). In cases where full-length genes could not be reliably predicted from whole-genome BLAST data, we cloned overlapping cDNA fragments to verify our predictions. The structure of the A. gambiae TTLK (Tube and Tube-Like Kinase) was validated with cloned cDNA sequences that bridge the Tube-like and Pelle kinase-like portion of the gene. The absence of a kinase domain in the A. mellifera Tube gene was verified by 3 RACE. The TTLK from Tribolium castaneum , for which no cDNA was isolated, is completely contained within a 3-kb genomic contig and exhibits similarity throughout its length to TTLK genes from other insects.
We generated a gene structure prediction for the silkworm Bombyx mori TTLK, previously described as a Tube protein [25] , and confirmed it with overlapping sequences from the silkworm EST project. However, other relevant sequence data for B. mori were of poor quality and coverage; B. mori was therefore excluded from further analyses.
Death domain sequences were aligned using the program Clustal W [30] , and the phylogenetic tree from this alignment was generated with the neighbor-joining method using Phylip Drawtree [31] . The program iMol (http://www.pirx.com/) was used to highlight residues in the structure of the Drosophila Tube death domain that interact with MyD88 or Pelle, based on coordinates in the Protein Data Bank data set 1D2Z [25] .
RNA Synthesis, Embryo Injection, and Cuticle Preparation
DNA templates of the Tube-Pll C and Tube N -Pll C chimeras were PCR amplified directly from pMT/V5-His constructs, using primers that incorporated an SP6 promoter at the 5 end. Each construct thus includes a V5 tag and a 6XHis tag at the carboxyl terminus. RNA synthesis, sample preparation, and generation of single mutant ( tube null or pelle null ) embryos were as described previously [25] . The recipient tub null pll null embryos were obtained from maternal flies of genotype h tub R5.6 e pll 25 /Df (3R)XM3 ri p p Df (3R)IR16. Embryos were collected, microinjected, prepared, and scored according to published methods [32] [33] [34] . 
S2 Cell Assays
S2 cells were maintained, transfected, and lysed as described previously [26] . Cell lysates were prepared with S2 cell lysis buffer (50 m M Tris, pH 7.5/150 m M NaCl/1% Nonidet P-40) supplemented with protease inhibitor mixture (Roche) on ice. Three hundred microliters of cleared lysate were prepared from each 35-mm well of transfected cells. Cell lysates were first incubated for 1 h at 4 ° C with 2 l of ␣ -Tube antiserum and then with 10 l (bed volume) of protein A/G agarose beads (Santa Cruz). After 3 h, the agarose beads were washed with S2 cell lysis buffer and resuspended in 40 l of SDS-PAGE sample buffer. Immunoblot analysis was done as described [26] .
Results
The Tube Death Domain Is Evolutionarily Conserved
Given the remarkable conservation of innate immune mechanisms between flies and humans, why has no mammalian counterpart been identified for Drosophila Tube? To trace the evolutionary origin of the Drosophila Tube protein, we set out to identify Tube orthologs in other species, beginning with a search for Tube-like death domains. Because death domains exhibit extensive sequence variation, a simple BLAST search was insufficient. Instead, we established criteria for identifying death domains orthologous to Tube based on the fact that the essential role of Tube is to interact, via its death domain, with the death domains of MyD88 and Pelle. Through biophysical and molecular genetic studies [25, 35] , we have previously identified specific surfaces and residues that are required for these two interactions ( fig. 1 a) . We could thus identify Tube-like death domains in other species by virtue of sequence conservation at the known interaction surfaces.
Using the tBlastN program [36] to probe whole genome sequence data, we identified Tube-like death domains all along the branches of the arthropod phylogeny leading to Drosophila ( fig. 1 b) . These death domains exhibited very strong conservation of the three residues that in Drosophila Tube mediate binding to MyD88 and of the six residues that provide the surface for binding to Pelle ( fig. 1 c) . Sequences neighboring these binding residues also showed a high degree of conservation among Tube orthologs. Consistent with conservation in Tube of surfaces for binding other Toll pathway death domain proteins, we identified an ortholog of MyD88 and of Pelle in each species studied. MyD88, Tube, and Pelle thus have a phylogenetic profile consistent with a common functional linkage [37] and a conserved role in innate immune signaling.
Many Tube Orthologs Are Protein Kinases
Having found that a number of arthropod genomes encode Tube-like death domains, we set about annotating the corresponding full-length proteins. A number of the genes had been studied previously, although in some cases an error in the annotation had resulted in the cata- BlastP analysis of kinase domains revealed that the Tube-like kinases are members of the RLK (receptor-like kinase)/Pelle family defined by the plant RLKs and the animal Pelle and IRAK proteins [38] . The catalytic domains of the Tube-like kinases are thus closely related to those of Pelle proteins. Furthermore, based on conservation of key sequence elements, all of the Tube-like kinases are predicted to be catalytically active (unlike a subset of IRAK kinases). We will hereafter refer to Tube and the set of arthropod Tube orthologs as the TTLK family.
Since each species examined encodes one MyD88, one Pelle and one TTLK, many arthropods have two kinases in the RLK/Pelle family. To explore the relationship between these pairs of kinases, we aligned catalytic domain sequences from arthropod Pelle and TTLK proteins ( fig. 3 ). The alignment revealed a marked difference with regard to kinase type. Protein kinases can be classified as RD or non-RD based on a single position in sequence subdomain VI [39] [40] [41] [42] . In RD kinase sequences, an arginine (R) residue immediately precedes the invariant aspartate (D) residue that is essential for catalytic activity. Upon phosphorylation of the kinase activation loop, interaction between this arginine and the phosphate residue converts the RD kinase from an inactive to an active state. Conversely, catalytic activity of the non-RD kinases does not appear to require phosphorylation of residues in the activation loop. All seven of the arthropod Pelle proteins have a glycine in place of the arginine and are thus non-RD kinases. In contrast, the five TTLK proteins with a catalytic domain are all RD kinases.
Tube Is Closely Related to IRAK-4
Further comparative studies revealed that the presence of a pair of death domain-containing kinases, one similar to Pelle and one similar to TTLK proteins, is not limited to arthropods. We could, for example, find a pair of such proteins in a mollusk, Lottia gigantea ( fig. 2 ) . One kinase was a non-RD kinase ( fig. 3 ) , with a death domain that was most similar to Pelle death domains. The other kinase was an RD kinase and had a death domain that was most similar to the death domains of TTLK proteins.
We next analyzed human IRAK-1 and IRAK-4, both of which have previously been described as orthologs of Pelle [43] [44] [45] , assessing the death and kinase domains independently. For the death domains, we aligned IRAK-1 and IRAK-4 with the eight arthropod TTLK proteins across the length of the six ␣ -helices defining the core death domain structure [25] . For each of the 49 positions that were identical among four or more of the arthropod TTLKs, we scored whether the identical residue was present in IRAK-1 or IRAK-4. Overall, IRAK-4 had 47% identity with the conserved residues, whereas IRAK-1 had only a 22% match. For the kinase domains, when we carried our BLAST searches with any TTLK kinase domain against the human proteome, the top-scoring sequence was in every case IRAK-4. The statistical significance of the similarity to IRAK-4, as measured by E (expect) value, was greater by a factor of at least 10 8 in every case than the corresponding value for IRAK-1 ( table 1 ) . Furthermore, sequence alignment ( fig. 3 ) revealed that IRAK-1, like Pelle, is a non-RD kinase, whereas IRAK-4 is an RD kinase. Thus, our results demonstrate that IRAK-4 is an ortholog of Drosophila Tube, while IRAK-1 is an ortholog of Pelle ( fig. 2 ) .
The Tube and Pelle Proteins Arose by Duplication and Divergence of a Common Ancestor
Although the Tube and Pelle death domain sequences have clear and significant differences, they are also recognizably similar ( fig. 1 c) . The death domains of the TTLK proteins are in fact more similar to those of Pelle, the IRAKs, and PLK (Pelle-like kinase) proteins than to the death domains of any other proteins. Conservation between TTLK proteins and Pelle thus extends throughout both the kinase and death domains.
Given the structure and organization of TTLK and PLK proteins, the most parsimonious explanation is that they arose by duplication and divergence of an ancestral gene that included both a death domain and a protein kinase domain. Furthermore, the orthology of Tube to IRAK-4 and of Pelle to IRAK-1 indicates that the gene duplication predated the split between the invertebrate and vertebrate lineages. One gene copy gave rise to the PLK proteins, in which the death domain binds exclusively to a TTLK protein. The other lineage gave rise to the TTLK proteins, which contain a bivalent death domain, capable of binding both MyD88 and a PLK protein.
By this model, the kinase domain of the TTLK protein was lost in certain lineages, including Apis , Nasonia , and Drosophila ( fig. 2 ).
Tube and Pelle Functions Can Be Combined in a Single Protein
The clustering of the TTLK and Pelle proteins by death domain sequence indicates that the death domain structure diverged subsequent to duplication of the progenitor kinase gene. This divergence may have led to a fine-tuning of pathway function, e.g. enhancing regulation or matching output to other cellular systems. Alternatively, there may have been a partitioning of function that represents a fundamental alteration in the signaling mechanism. To examine this issue, we set out to determine whether a single death domain-containing kinase could effect Toll signaling.
Two lines of reasoning led us to conduct our experiment in Drosophila. First, the absence of either Tube or Pelle function abrogates Toll signaling. Thus, their functions are not redundant. Second, injection of RNA transcribed in vitro from a cDNA provides complete phenotypic rescue of Toll signaling in embryos, i.e., pelle RNA restores wild-type dorsoventral patterning to embryos null for pelle and tube RNA similarly rescues embryos null for tube . We could therefore assay for restoration of both Tube and Pelle function.
Since Tube is required for binding to MyD88 [26, 35, 46] and Pelle kinase activity is required for signal transduction [19, 47] , we fused all of Tube (amino acids 1-462) to a carboxyl-terminal Pelle fragment (amino acids 130-501) containing the catalytic domain. The resulting chimeric gene, Tube-Pll C , thus encodes the death domain of Tube, but not of Pelle ( fig. 4 a) . To assess the activity of this chimera, we transcribed the fusion gene in vitro and microinjected the RNA into tub null pll null mutant embryos, which contain no Tube or Pelle protein.
In the absence of injected RNA, tub null pll null mutant embryos are dorsalized, forming a twisted tube of dorsal cuticle ( fig. 4 b) . When injected with Tube-Pll C RNA, however, these embryos produce cuticle that contains a fig. 4 c) . Furthermore, cuticle structures such as the dorsolateral filzkörper apparatus and the ventral denticles have a wild-type arrangement across the embryo. Thus, the Tube-Pll C construct not only restores robust signaling, but also mediates spatial regulation of signal strength along the dorsoventral axis.
The restoration of a near wild-type cuticle pattern is a property of the chimera, not of the kinase domain. Even in the presence of full-length Tube, the kinase domain of Pelle (Pll C ) has no detectable activity [48] , unlike the catalytic domains of many protein kinases [49, 50] . Furthermore, the activity of the chimera is not a trivial consequence of recruiting the Pelle kinase domain to the plasma membrane. For example, constructs in which the Pelle kinase domain is brought to the cell surface by fusion either to the Torso transmembrane receptor or to an Src peptide specifying myristylation activate nuclear translocation of Dorsal, but in a spatially unregulated manner [48, [51] [52] [53] .
To determine whether signal transduction through the Tube-Pll C chimera restored robust Toll signaling, we examined the tissues of injected embryos during development. Although none of these embryos hatched, a small fraction (6%) had readily apparent muscle contractions. Mesoderm induction leading to muscle formation requires the highest level of Toll signaling normally occurring during embryogenesis [54] . Given that the lack of either Tube or Pelle results in a fully dorsalized cuticle [55] , and thus a loss of all lateral (neuroectoderm and filzkörper) and ventral (mesoderm) cell types, the TubePll C fusion largely reconstituted both Tube and Pelle activity in the injection experiments. The experimental observations thus fit well with the idea that a single protein containing both death and kinase domains mediated Toll pathway signaling in the common ancestor of the invertebrate and vertebrate lineages.
These findings strongly support the idea that the primary function of the Tube and Pelle death domains is to bring the Pelle kinase domain into indirect association with MyD88 and, hence, Toll. Indeed, since the Pelle death domain is absent from the fully functional chimera, the Pelle death domain appears to lack any requisite binding partner other than Tube. Moreover, we are led to the surprising conclusion that a covalent and hence irreversible interaction between the Tube death domain and the Pelle kinase domain functionally substitutes to a very large extent for their noncovalent wild-type association.
An Essential Function for the Tube Repeat Region in the Absence of the Pelle Death Domain
In addition to an amino-terminal death domain, Tube has a carboxyl-terminal region containing multiple copies of a conserved sequence motif, the Tube repeat [24] . The repeat-containing region has been shown to mediate the specific binding of Tube to Dorsal [27, 28] . Deletion experiments demonstrated that this region is largely dispensable for transducing signals from Toll during embryonic patterning [24, 28] . However, we have found that Dorsal also binds to Pelle, an interaction requiring both the death and kinase domains of Pelle [27, 28] . We therefore wondered whether the absence of a requirement for the Tube repeat region in signaling might reflect an overlap in function between Tube and Pelle. Specifically, we postulated that the binding of either Tube or Pelle to Dorsal promotes assembly of a functional signaling complex. Using Tube-Pelle chimeras, we set out to test this hypothesis.
The Tube-Pll C construct described earlier lacks the Pelle death domain, but includes the repeat-containing region of Tube. To determine whether the repeat region has an essential function in Tube-Pelle chimeras, we generated a construct deleting this region. Specifically, the Tube N -Pll C construct truncates Tube sequences at amino acid 185, eliminating the Tube repeats; there remains a 68-residue-long sequence linking the Tube death domain to the Pelle kinase domain ( fig. 4 a) . The encoded protein thus lacks elements required for binding to Dorsal by Tube and by Pelle. We transcribed this construct in vitro and microinjected the synthetic RNA into embryos.
Unlike the chimera that contains the Tube C-terminal domain, Tube N -Pll C failed to restore Toll signaling in tub null pll null embryos, resulting in no discernible effect on the cuticle pattern ( table 2 , fig. 4 d) . Next, we assessed the ability of either Tube or Pelle to rescue the activity of the Tube N -Pll C chimera. To do so, we injected RNA transcribed from this construct into tub null or pll null single mutant embryos, which develop into completely dorsalized larvae in the absence of RNA injection. As shown in table 2 , Tube N -Pll C RNA was active in both genetic backgrounds, producing weak phenotypic rescue in pll null embryos and stronger rescue in tub null embryos. Thus, either Tube or Pelle can complement the chimera, consistent with our hypothesis that the Tube repeat region acts redundantly with Pelle in recruiting Dorsal.
Dorsal Has a Biochemical Activity Specific to Dorsoventral Patterning
To address whether binding of Tube to an NF-B protein is specific to dorsoventral patterning, we carried out comparative binding studies with the three Drosophila NF-B family members: Dorsal, Dif, and Relish. Dorsal is required for Toll pathway function in dorsoventral axis formation and in larval innate immunity [56, 57] . Dif functions in Toll signaling in larval and adult innate immunity, but is not required for embryonic development [58, 59] . Relish acts in an innate immune pathway distinct from Toll signaling [60] [61] [62] .
We expressed Tube in Drosophila S2 cells together with individual Rel transcription factors or, as controls, MyD88 or Pelle. We then assayed for interaction in immunoprecipitation experiments with polyclonal ␣ -Tube serum. All proteins were epitope-tagged for detection. As Columns represent increasing strength of signaling (D0-D3), with values indicating the number of injected embryos exhibiting the set of cuticle pattern elements diagnostic for that signal strength [32] [33] [34] . Filzkörper (FK) are dorsolateral patterning elements indicative of weak Toll signaling (D1). Ventral denticles (VD) are ventrolateral patterning elements that reflect a higher level of Toll signaling (D2 or D3). When VD and FK are both present and are arrayed in a wild-type pattern (D3), signal strength and regulation is nearly comparable to that in hatching embryos.
Tube Is an IRAK-4 Homolog 1-3) . In contrast, there was no detectable interaction of Tube with either Dif or Relish (lanes 4-6). A Relish protein lacking the autoinhibitory carboxyl-terminal domain also failed to interact with Tube (lane 7).
It has previously been demonstrated that Tube interacts with Dorsal via its carboxyl-terminal repeat-containing region [27, 28] . To rule out any potential inhibitory effect of the amino-terminal death domain on the interactions of the carboxyl terminal domain, we repeated the binding studies with a construct encoding only the carboxyl terminal half of the Tube protein (Tube C ). Although Tube C was expressed at a lower level than the fulllength construct, immunoprecipitation studies with this construct gave identical results. Specifically, Tube C associated with Dorsal, but neither with Dif nor with Relish (lanes [8] [9] [10] [11] [12] ).
These studies demonstrate that prior to signaling the Tube carboxyl-terminal domain can interact with Dorsal, the NF-B family member required for embryo patterning, but not with either Dif or Relish, the NF-B proteins that function solely in immune responses. It thus appears that, at least in Drosophila , the evolution of a developmental role for Toll has been accompanied by a specialization in NF-B protein structure and function.
The identification of Tube repeats in the TTLK proteins of other insects provided several insights into the evolutionary basis for repeat generation. First, we note that the sequences of the third and fourth repeats in Anopheles TTLK are identical (QVPELSIF, suppl. fig. 2 ). Examining the context of these repeats, we found that each is contained within a 21-residue-long perfect repeat for which the encoding DNA is identical at 61 of 63 positions. In addition, a highly similar stretch of 21 amino acids spans the second Tube repeat in this TTLK protein.
These results led us to speculate that the 8-amino-acid repeat originally defined in Tube is the most conserved remnant of a substantially longer region that underwent repeated duplication and modification.
We also found evidence that the repeat motif has undergone extensive change within the insect lineage. The repeat motif was originally defined in the D. melanogaster and D. virilis Tube proteins [22, 24] by the consensus N Px S/TxL, where x is any residue and is a hydrophobic residue. The A. mellifera TTLK lacks sequences that closely match this consensus, but contains three copies of a motif that has an identical length and that begins with a sequence, ELP, that is very similar to the N P that begins the previously defined Tube repeat (suppl. fig. 2 ). To what extent such changes in sequence reflect co-evolution of the motifs with the insect Dorsal proteins remains an open and stimulating question.
Discussion
Our analysis of insect Tube orthologs has led us to the conclusion that Tube arose from a gene for a protein kinase very similar in overall structure to Drosophila Pelle and the vertebrate IRAKs. That the ancestral gene for Tube would be a protein kinase was not evident from previous studies of Tube structure or function. A kinase domain is absent from the Tube protein in all eleven sequenced Drosophila genomes. In addition, the presence of a death domain in Tube did not suggest membership in a protein kinase family, since death domains are found in many proteins that lack a kinase domain or, indeed, any catalytic function.
Tube and IRAK-4 as Orthologous Components of Toll Pathways
Our finding that Tube and Pelle represent an orthologous pair to IRAK-4 and IRAK-1 resolves a long-standing confusion regarding Toll signaling in flies and mammals. The absence of a clear counterpart to Tube had suggested a significant difference in the proximal Toll signaling complex of these species. Instead, we now discern a parallel arrangement of signaling components acting immediately downstream of the Toll receptors in humans and Drosophila . Thus, signaling in humans mediated by a TLR, MyD88, IRAK-4, and IRAK-1 corresponds to the pathway in flies formed by Toll, MyD88, Tube, and Pelle. As illustrated in figure 6 , this suggests that a trimeric death domain complex, such as we have characterized in flies, functions in MyD88-dependent Toll responses in humans. Our newfound recognition of this conserved architecture immediately suggests that the mechanism for signal transduction likewise has greater conservation than previously suspected.
Although the Toll pathway functions in innate immunity in both humans and flies, the selective pressures on this pathway differ markedly between these organisms. In humans and other vertebrates, innate immunity has co-evolved with an adaptive response with which its function is intricately associated [4] . Furthermore, particular components of mammalian Toll pathways may have been co-opted for direct participation in adaptive responses [63] . In flies, the Toll pathway not only mediates immune responses, but also has multiple developmental functions, including a vital role in patterning of the early embryo [6] [7] [8] [9] . It is not surprising, therefore, that the divergence between the Toll pathways in these two lineages has been extensive.
A Common Ancestor for TTLK, PLK, and IRAK Proteins
Although IRAK-4 and TTLKs differ in structure and function from IRAK-1 and PLKs, all of these proteins are apparently derived from a common ancestor. Furthermore, we have demonstrated that signaling can be reconstituted to a substantial degree by a chimera of Tube and Pelle. This suggests the earliest signaling cassette recognizable as a Toll pathway had a single protein kinase that contained a death domain. Prior to the split between the vertebrate and invertebrate lineages, the gene for this ancestral kinase duplicated and at least partially diverged. The death domain binding surfaces evolved to mediate distinct interactions and the kinase domains diverged into RD and non-RD types.
What advantage might duplication of the ancestral kinase gene have offered? The chimera injection experiments indicate that duplication did not radically alter the signaling mechanism. Rather, we believe that the cooperative activity of related but distinct kinase molecules provided the opportunity for regulatory fine-tuning and allowed for the incorporation into the pathway of additional factors specific for particular functional contexts.
Tube as a Model for IRAK-4 Death Domain Function
We have previously shown that the death domain of Tube is bivalent, mediating specific and essential interactions with MyD88 at one binding surface and with Pelle at the other. The conservation among TTLKs of residues required for these interactions indicates that assembly of . 6 ). We expect that IRAK-4 and IRAK-1, like Tube and Pelle, have a clear partitioning of death domain structure and function. We were not able, however, to identify in IRAK-4 the signature motifs indicative of the binding surfaces defined for Drosophila Tube. There are two likely explanations. First, conservation of primary sequence among death domains is remarkably low, with sequence identity across the entire domain sometimes being on the order of only 10% [25] . Second, mammalian TLR signaling involves multiple, partially overlapping combinations of receptors and adaptors [1] . It may be, therefore, that a conserved death domain complex architecture is masked by sequence variation that directs or accommodates alternative death domain pairings. Now that a structure for the IRAK-4 death domain is available [45] , it may be possible to address this question experimentally.
Variable Requirement for Kinase Activity
The presence of a kinase domain in IRAK-4, but not Tube -its fly counterpart -has an intriguing precedent. Whereas the Drosophila Toll pathway requires Tube function, the other major innate immune pathway in flies requires Imd, another death domain protein. RIP, the mammalian counterpart to Imd, has a kinase domain; Imd does not. Thus, for each of two death domain kinases in mammals (IRAK-4 and RIP), the corresponding innate immune factor in flies lacks a kinase domain.
Why might a kinase domain be dispensable for signal transduction? The likely answer lies in pathway architecture distinct from that in a conventional kinase cascade [64] . If the essential functions of IRAK-4 and TTLK proteins are to act as scaffolds for the assembly of signaling complexes, the role of the kinase domain may be to modulate complex assembly rather than to directly activate a downstream kinase. It has been shown, for example, that IRAK proteins catalyze cross-phosphorylation and that Tube can act as a substrate for Pelle in vitro [44, 47, 51, 65, 66] . Thus, the involvement of both phosphoregulation and phosphorelay activities may underlie the presence of pairs of protein kinases, one RD and one non-RD, in many animals.
TTLK Adaptation for a Developmental Role
We have found that the repeat-containing region of Tube exhibits NF-B factor binding specificity, interacting in cells with the morphogen Dorsal but not the immunity effector Dif. Abrogation of this Tube-Dorsal interaction likely contributes to the failure to achieve wildtype embryonic patterning in experiments in which either Tube is truncated carboxyl terminal to the death domain or Dif is substituted for Dorsal [24, 67] .
Does the presence of Tube repeats in a TTLK protein indicate that Toll signaling in that species functions in dorsoventral patterning? The data are incomplete, but suggestive. Toll has a role in dorsoventral patterning in Drosophila and Tribolium [68, 69] , and Tube repeats are present in the TTLK proteins of both these species. Dorsoventral patterning does not rely on TLR signaling in mammals and mammalian IRAK-4 proteins lack Tube repeats. Thus, it is possible that the co-option of Toll signaling for development occurred concomitantly with elaboration of an additional mechanism for morphogen binding. If so, the fact that the TTLK protein of Daphnia lacks Tube repeats suggests that Toll signaling is unlikely to be required for dorsoventral patterning in crustaceans.
